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Abstract

Increasing evidence is emerging for sexual dimorphism in the trajectory of white matter development in children
assessed using volumetric magnetic resonance imaging (MRI) and more recently diffusion MRI. Recent studies
using diffusion MRI have examined cohorts with a wide age range (typically between 5 and 30 years) showing
focal regions of differential diffusivity and fractional anisotropy (FA) and have implicated puberty as a possible
contributory factor. To further investigate possible dimorphic trajectories in a young cohort, presumably closer to
the expected onset of puberty, we used tract-based spatial statistics to investigate diffusion metrics. The cohort
consisted of 23 males and 30 females between the ages of 8 and 16 years. Differences in diffusion metrics were
corrected for age, total brain volume, and full scale IQ. In contrast to previous studies showing focal differences
between males and females, widespread sexually dimorphic trajectories in structural white matter development
were observed. These differences were characterized by more advanced development in females compared to
males indicated by lower mean diffusivity, radial and axial diffusivity, and higher FA in females. This difference
appeared to be larger at lower ages (8-9 years) with diffusion measures from males and females tending to con-
verge between 10 and 14 years of age. Males showed a steeper slope for age-diffusion metric correlations com-
pared to females, who either did not correlate with age or correlated in fewer regions. Further studies are now
warranted to determine the role of hormones on the observed differences, particularly in 8-9-year-old children.
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Introduction holkar, 1997). Typical findings from brain development stud-

ies (Caviness et al., 1996; Giedd et al., 1999; Reiss et al.,

HERE ARE WIDESPREAD STRUCTURAL CHANGES in the
brain as it matures throughout childhood, into adoles-
cence, and early adulthood. Over this time frame, there is
considerable white matter organization as well as myelina-
tion of white matter axons (Yakovlev and Lecours, 1967)
and synaptic pruning of gray matter (Huttenlocher and Dab-

1996; Sowell et al., 2003) show an increase in white matter
and decrease in gray matter volume.

Although the most significant changes occur up to around
the age of 5 years, the brain continues to undergo structural
maturation throughout childhood and into adulthood. There
is also evidence that gender affects the developmental
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trajectory. For example, several studies (Giedd et al., 1999;
Reiss et al., 1996) have reported gender differences in the
proportion of gray matter and white matter of the brain.

Diffusion magnetic resonance imaging (dMRI) is a tech-
nique that provides unique insight into the microstructure of
brain tissue. Diffusion tensor imaging (DTI) (Basser, 1994)
is the standard technique for reconstructing dMRI data and
provides several useful metrics. Two of the most commonly
used metrics are fractional anisotropy (FA) and mean diffusiv-
ity (MD) (Basser and Pierpaoli, 1996). MD describes the
amount of diffusion in a voxel regardless of orientation; FA
describes the degree of directionality of diffusion. Both mea-
sures are widely used as biomarkers of white matter integrity
and have been used extensively to investigate the structural de-
velopment of white matter pathways. In addition, the axial (1.
iar) and radial (A,q;q) diffusivities can provide insight into the
nature of the diffusion profile (the 3D distribution of diffusion
in a voxel, which in this case is represented by the diffusion ten-
sor). Specifically, they can show whether the diffusivity in the
direction of the principal eigenvector or the diffusivity perpen-
dicular to it may be driving changes in FA and MD.

Several methodologies have been applied to the investiga-
tion of brain development using dMRI, including region of in-
terest analysis (Bonekamp et al., 2007; Hermoye et al., 2006;
Kumar et al., 2012; Mabbott et al., 2006; Snook et al., 2005),
tractography (Asato et al., 2010; Eluvathingal et al., 2007;
Fjell et al., 2008; Lebel et al., 2010; Lim et al., 2015; Tamnes
et al., 2010a), and voxel-based morphometry (VBM) (Ashtari
et al., 2007; Barnea-Goraly et al., 2005; Giorgio et al., 2008,
2010; Qiu et al., 2008; Schmithorst et al., 2008). In 8-12-
year-old children, Snook et al. (2005) detected increases in
FA with age in the genu and splenium of the corpus callosum,
corona radiata, putamen, and head of the caudate nucleus.

Eluvathingal et al. (2007) used tractography to find age/
sex differences in subjects in the age range between 6 and
17 years. They found three patterns of correlation with
age: increases in FA and decreases in diffusivity, decrease
in diffusivity with no observed change in FA, and no signif-
icant changes in either of the measures. In addition, they
found that females had a lower radial diffusivity than
males in the inferior longitudinal fasciculus bilaterally. In
contrast, Schmithorst et al. (2008) used a VBM approach
to show significant age—sex interactions as well as local dif-
ferences in white matter microstructure between genders for
children/adolescents. In particular, they found FA to be
greater in girls than boys in the splenium of the corpus cal-
losum. They also found FA to be greater in boys than girls
in frontal white matter, right arcuate fasciculus, and left pa-
rietal and occipitoparietal white matter.

Other studies have shown widespread structural changes
across the brain with increasing age. For example, Barnea-
Goraly et al. (2005), also using a VBM approach, showed
positive correlations between FA and age in the corpus
callosum, prefrontal regions, basal ganglia, internal capsule,
and thalamic pathways in children and adolescents aged 6—
19 years. More recently, Lim et al. (2015) used structural
graph connectivity to investigate normal brain development
in a cohort of 121 participants aged 4-40 years. They not
only observed that the core features of the connectivity net-
works, such as small-worldness and modular organization,
remained similar throughout development but also found
that streamline count reduced with age for specific types of
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fiber tract. Furthermore, they observed that reductions in
streamline count occurred earlier in females than males.

Tract-based spatial statistics (TBSS) (Smith et al., 2006) is
a voxel-based technique specifically developed for DTI data.
Unlike other voxel-based methods, such as VBM, this tech-
nique performs statistical analysis on an FA skeleton that
comprised a subset of the image voxels, which avoids the
need to smooth the data and also reduces problems caused
by partial volume effects. Giorgio et al. (2008) performed
a TBSS study on children/adolescents and young adults
and showed significant positive correlations between FA
and age in the body of the corpus callosum and the corona
radiata in the childhood/adolescent group. More recently,
Giorgio et al. (2010) performed a longitudinal TBSS analysis
on DTI data in children and adolescents in the age range
13.5-18.8 years (mean follow-up 2.5 years). In contrast to
their previous study, they showed significant increases in
FA between time points across the FA skeleton. Tamnes
et al. (2010b) used TBSS in a study of 8-30-year olds and
showed that both verbal and performance abilities were pos-
itively related to FA and negatively related to MD and Z,,4;a1
predominantly in the left hemisphere.

The aim of the present study was to further elucidate pos-
sible differences in the trajectory of white matter develop-
ment in males and females. Asato et al. (2010) have shown
using TBSS that maturation of white matter in specific
brain regions is earlier in females compared to males in a co-
hort spanning childhood through to adulthood from 8 to 28
years. The observation of an effect of pubertal status on radial
diffusivity in clusters showing a main effect of age under-
lined that known differences in pubertal onset could be a
driving factor for sexual dimorphism in diffusion parameters.

More recently, Bava et al. (2011) have shown that struc-
tural white matter development was generally greater in fe-
males than in males. They concluded that microstructural
changes in adolescent females were mainly in the motor
tracts, whereas the changes in adolescent males were rela-
tively more focused in association and projection fibers.
Herting et al. (2012) presented findings in a younger cohort
of 77 adolescents from 10 to 16 years and with TBSS ob-
served several white matter regions where males had lower
MD than females. Other regions were identified where
males had higher FA values than females.

Some (but not all) of these findings were consistent with
those of Schmithorst et al. (2008), whose cohort had a
much broader age range from 5 to 18 years. However, the re-
sults of Herting et al. (2012) disagreed with those of Asato
et al. (2010), whose cohort had a larger age range (8-28
years cf. 10-16 years). Although differences in the age
ranges studied may be a contributory factor, the exact rea-
sons for these discrepancies remain unclear.

We have previously shown, using tractography, differences
in developmental trajectory between males and females in a
cohort of children from 8 to 16 years (Clayden et al., 2012).
In this work, we further explored possible differences between
the sexes using TBSS in the same cohort, which allowed us to
probe changes in white matter development on a much finer
spatial scale and to examine the spatial distribution of structural
differences between males and females throughout the white
matter. The use of TBSS also allowed us to investigate changes
in white matter regions that do not belong to any of the tracts
investigated in our previous study (Clayden et al., 2012).
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Importantly, this cohort included children younger than
those studied by Asato et al. (2010) and Herting et al. (2012),
a group more closely representing the presumed onset of pu-
berty (Dorn, 2006; Spear, 2000). The analysis focused on
four measures derived from the diffusion tensor: FA, MD, /.,
dial, and Aa. As a separate analysis, the mean of each mea-
sure was also calculated over the FA skeleton generated by
TBSS and plotted against age to give further insight into
white matter development over the studied age range.

Materials and Methods
Participants

The study cohort consisted of 64 healthy children (36 fe-
male) aged from 8 to 16.7 years. Of these, 11 data sets
were rejected due to imaging artifacts and were excluded
from the subsequent analysis, leaving 53 children aged
from 8.0 to 16.7 years old (boys’ age range 8.0-16.7, mean
10.8%+2.1; girls’ age range 8.2-15.5, mean 11.7£1.9), of
which 30 were female.

Children were recruited by advertising in local schools or
through relationships to children being scanned as part of a
clinical study. A standard questionnaire (Child Behavior
Checklist (http://www.aseba.org) rating socioemotional and
behavioral status of each participant was completed by one of
the parents accompanying the child. However, no children had
to be excluded. Full-scale intelligence quotient (FSIQ) values
were obtained for each participant using the Wechsler Intel-
ligence Scale for Children, fourth UK edition (WISC-IV UK)
(Wechsler, 2004). The FSIQ was 92—-134 (mean 110.6+9.9)
for the boys and 88-137 (mean 115.0%+11.8) for the girls in
the cohort. The study was approved by the local ethics com-
mittee and informed written parental consent was obtained.

Imaging methods

Imaging data were acquired using a Siemens Avanto 1.5T
clinical scanner (Siemens Healthcare, Erlangen, Germany)
with a self-shielded gradient set with maximum gradient am-
plitude of 40mT m™ ' and standard 12 channel “birdcage”
head coil.

Echo-planar diffusion-weighted images were acquired along
20 noncollinear gradient directions at »=1000 sec mmfz, with
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a single =0 image for normalization and number of excita-
tions was set to two. This protocol was repeated thrice in a
single scan session providing 126 acquisitions per slice,
and the data merged without averaging. A voxel matrix of
96 %96 was used and 45 contiguous axial slices acquired,
each 2.5 mm thick, with a 240 X 240 mm field of view provid-
ing a final image resolution of 2.5x2.5x2.5 mm. Echo time
was 89 msec, and repetition time was 6300 msec.

In addition, a T1-weighted 3D FLASH structural image
was also acquired in the same session with 176 contiguous
sagittal slices, a 256x224mm field of view providing
1x1x1mm resolution. The echo time was 4.9 msec, and
repetition time was 11 msec. The overall scan time, including
sequences not reported here, was about an hour.

Image processing and statistical analysis

Preprocessing of the data involved removal of eddy cur-
rent distortions with the “‘eddy_correct’ tool and skull strip-
ping of the brain volume (Smith, 2002) using FSL (www
fmrib.ox.ac.uk/fsl). The TBSS pipeline is described in de-
tail by Smith et al., 2006. Briefly, the process involves reg-
istering all FA maps to a template in standard space before
averaging the transformed images to create a mean FA map.
The mean FA map is then eroded to form an FA skeleton,
which is thresholded to remove regions of high variability.
Finally, the FA data of each subject are projected onto
each voxel of the FA skeleton. In this work, we use an FA
threshold of 0.2. To improve alignment, a study-specific
template was generated to which all the subjects were regis-
tered. A video clip of the aligned FA maps is provided in the
supplementary information (Supplementary Data are available
online at www.liebertpub.com/brain).

Statistical tests were performed using FSL’s randomize
tool with 5000 random permutations to ensure convergence.
In addition to FA, changes in the MD, Z,x;a1, and A,.qia Were
also investigated. Direct comparison of DT metrics between
males and females was performed while controlling for age,
FSIQ, and total brain volume. The age—gender interaction
with each DT measure was also investigated, as well as cor-
relations between age and each DT measure for both males
and females, using FSIQ and total brain volume as a covari-
ate in each test. TBSS results included threshold-free cluster

FIG. 1. Group differences
in mean diffusivity (MD)
between male and female
subjects (p <0.05, corrected),
corrected for age, total brain
volume, and full-scale intel-
ligence quotient (FSIQ). Red
regions indicate a signifi-
cantly higher MD in males
than females. Color images
available online at www
Jiebertpub.com/brain
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FIG. 2. Age-gender inter-
actions in MD between
male and female subjects
(p<0.05, corrected), cor-
rected for total brain volume
and FSIQ. Blue regions indi-
cate a significantly steeper
negative slope in males

than females. Color images
available online at www
Jiebertpub.com/brain

enhancement (Smith and Nichols, 2009) and were corrected
for multiple comparisons using familywise error corrections.
The mean of each diffusion parameter over the FA skeleton
was then calculated for each subject and plotted against age
to show overall relationships between male and female de-
velopmental trajectories in the DT metrics. Plotting of the
mean of each measure against age was performed using the
ggplot2 package (Wickham, 2009) in R.

The effects of normal brain development and gender on
white matter microstructure were investigated using an anal-
ysis of covariance (ANCOVA), implemented in the CAR
package (Fox and Weisberg, 2011) in R. The mean of each
diffusion parameter over the white matter skeleton was
regressed against a linear model containing main effect terms
for gender, age, and FSIQ, as well as interaction terms between
all combinations of the main effects.

Results

In all of the TBSS figures shown, the results are overlaid
onto the MNI152 T1-weighted template with the TBSS FA
skeleton highlighted in green. The axial slices shown are in
the range z=46 to z=126 in 10 slice increments, the sagittal
slices are x=57, x=90, and x=123, and the coronal slices

FIG. 3. Age—gender inter-
actions in radial diffusivity
(Aradial) between male and
female subjects (p <0.05,
corrected), corrected for total
brain volume and FSIQ. Blue
regions indicate a signifi-
cantly steeper negative slope
in males than females. Color
images available online at
www.liebertpub.com/brain
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are y=381, y=107, and y=134. Specific tracts were identi-
fied using the JHU ICBM-DTI-81 white matter labels atlas
(Mori et al., 2008), available as part of the FSL toolkit.

Female versus male

Direct comparison of DT metrics between males and fe-
males is shown in Figure 1 and Supplementary Figures S1
and S2, overlaid onto the FSL MNI152 T1 template. MD
was found to be greater in males than females across the ma-
jority of the white matter skeleton, as shown in Figure 1.
These regions included but were not restricted to the cortico-
spinal tracts bilaterally, tracts within the superior frontal
gyrus bilaterally, internal and external capsules bilaterally,
thalamic radiations, superior longitudinal fasciculi, corona
radiata bilaterally, left cingulum corpus callosum, and tracts
within the right inferior frontal gyrus. No regions were
detected where MD was higher in females than in males.

Both ,x;a and Apagia Were also found to be higher in males
than in females primarily within the corpus callosum for .
as shown in Supplementary Figure S1 and in widespread
white matter regions (similar to those for MD, with the addi-
tion of cerebral/cerebellar peduncles and the pontine cross-
ing tract) for A ,gia as shown in Supplementary Figure S2.




SEXUAL DIMORPHISM IN WHITE MATTER USING TBSS 1

a b .

0.42-

gender gender
& + female ~+ female
0.38- =% male - male
0.36 - -
L ]
o 720 -
1 I | 1 I I I 1 1 I
8 10 12 14 16 8 10 12 14 16
Age, yr Age, yr
c - d L]
. L]
. 1200 -
L L - .
1180 SR o i .
0 - -
w
& gender gender
E_ ~+ female ~+ female
g = male - male
o
1100 -
550 -
1 I I | 1 I 1 | | I
8 10 12 14 16 8 10 12 14 16
Age, yr Age, yr

FIG. 4. Correlation between the mean value across the fractional anisotropy (FA) skeleton for (a) FA, (b) MD, (¢) Aagiar, and

(d) axial diffusivity (4,44) With age for both males (blue) and females (red). Shaded area refers to the standard error on the fit.
Color images available online at www.liebertpub.com/brain

TABLE 1. ANALYSIS OF COVARIANCE OF DIFFUSION METRICS, AVERAGED OVER THE TBSS SKELETON,
AGAINST AGE, GENDER, FULL-SCALE INTELLIGENCE QUOTIENT, AND TOTAL BRAIN VOLUME

FA MD Aaxial Aradial
Age F (1,37)=18.26 F (1,37)=28.71 F (1,37)= 12 11 F (1,37)=28.61
p<0.001* p<0.001? p=0. 001° p<0.001*
Brain volume F (1 37)=0.06 F (1 37)=09. 77 F (1,37)=14.11 F (1 37)=5.07
p=0.807 p=0. 003° p<0.001* p=0.030°
Age—Gender F (1,37): 1.19 F (1,37)=6.40 F (1,37)=4.47 F (1,37)=5.21
p=0.283 p=0.016° p=0.041° p=0.028°
Gender-FSIQ F (1,37)=4.33 F (1 37)=4.58 F (1 37)=1.13 F (1,37)=5.41
p=0.044° =0.039¢ =0.295 p=0.026°
Gender—Brain volume F (1,37)=4.90 F (1 37)=3.17 F (1 37)=0.31 F (1,37)=4.47
p=0.033° p=0.083 p=0.578 p=0.041°
FSIQ-Brain volume F (1,37)=3.01 F (1,37): 1.22 F (1,37)20.001 F (1,37)=2.28
p=0.091 p=0.276 p=0.971 p=0.139
Age—gender—brain volume F (1,37)=1.81 F (1,37)=0.44 F (1,37)=3.87 F (1,37)=0.02
p=0.187 p=0.511 p=0.057 p=0.897

Significant at the p<0.001 level.

"Significant at the p <0.01 level.

“Significant at the p<0.05 level.

Close to significance (p<0.1).

Terms that do not reach significance for any of the diffusion metrics have been omitted.

Aaxial, axial diffusivity; Aradial, radial diffusivity; FA, fractional anisotropy; FSIQ, full-scale intelligence quotient; MD, mean diffusivity;
TBSS, tract-based spatial statistics.
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FIG. 5. Correlation be-
tween FA and age for the
male subjects (p <0.05, cor-
rected), corrected for FSIQ
and total brain volume. Red
regions indicate a significant
increase in FA. Color images
available online at www
Jiebertpub.com/brain

Similar to MD, no regions were found where either 4.y, Or
Aradial Was higher in females compared to males. No regions
were found where FA was statistically significantly different
in males compared to females.

Figures 2 and 3 show significant (p <0.05) age—gender in-
teractions for MD and A,,qa, respectively. The age—gender
interaction for MD (Fig. 2) reveals a more negative slope
for males than females, specifically in the corpus callosum,
external/internal capsules bilaterally, corona radiata bilater-
ally, superior longitudinal fasciculus bilaterally, sagittal stra-
tum bilaterally, and left posterior thalamic radiation. The
slope for A..q;a1 (Fig. 3) is also negative, but reaches signifi-
cance in far fewer regions (corpus callosum, superior/ante-
rior corona radiata bilaterally, posterior limb of the internal
capsule bilaterally, left retrolenticular portion of the internal
capsule and right external capsule) and is more pronounced
in the superior portion of the brain.

Plots for each of the tensor measures, averaged over the
FA skeleton, against age for each participant, are shown in
Figure 4. The plots show an increase in (a) FA and decreases
in (b) MD, (¢) Zragial> (d) Aaxial for the male subjects with age,
but either weak or no correlation with age for the female sub-
jects. The plot of FA against age (Fig. 4a) suggests that the

FIG. 6. Correlation be-
tween MD and age for male
subjects (p <0.05, corrected),
corrected for FSIQ and total
brain volume. Blue regions
indicate a significant de-
crease in MD. Color images
available online at www
Jiebertpub.com/brain
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FA for male subjects is lower than for the female subjects
in the youngest portion of the cohort, but the difference be-
tween genders decreases with age and is negligible by the
age of around 10-14 years old. The other plots show similar
trends for the diffusivity metrics, where the diffusivity is
higher for the youngest male subjects in the cohort but
older male subjects have more similar diffusivities to female
subjects (Fig. 4b—d). The plot of A,;, against age (Fig. 4d)
shows a weaker correlation.

The results of the ANCOVA are shown in Table 1. The
analysis shows a highly significant main effect of age in all
diffusion metrics. In addition to this, there is a significant
main effect of brain volume on the diffusivity metrics.
There is evidence that these effects differ by gender, as indi-
cated by the age—gender and gender-brain volume interac-
tions. A gender-FSIQ interaction on FA, MD, and Z,.4ia
was also observed. Terms that are not significant have been
omitted from the table.

Males

Figure 5 shows TBSS results (correlation between FA and
age) for the male subgroup. The areas highlighted in red
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indicate regions where there is a significant (p <0.05) posi-
tive correlation between FA and age in the male subjects.
The FA increases occur throughout the brain, which is in
agreement with findings on child-adolescent development
(Clayden et al., 2012; Giorgio et al., 2008; Lebel et al.,
2008;). Specifically, there is a positive correlation between
age and FA in the corpus callosum, corona radiata bilaterally,
anterior limb of the internal capsule bilaterally, right poste-
rior limb of the internal capsule, right posterior thalamic ra-
diation, right cerebral peduncle, and right sagittal stratum.
No significant negative correlations between FA and age
were observed.

Figure 6 shows TBSS results of regions of significant
(p<0.05) negative correlation between MD and age for
the male subjects. The analysis suggests there is a wide-
spread decrease in MD across the skeleton, in broadly the
same areas where FA increases. There are, however, several
regions where there is a significant negative correlation be-
tween MD and age that are not significant for FA. These
are the cingulum bilaterally, external capsules bilaterally, su-
perior longitudinal fasciculus bilaterally, sagittal stratum bi-
laterally, and left thalamic radiation.
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FIG. 7. Correlation be-
tween A,gia and age for the
male subjects (p <0.05, cor-
rected), corrected for FSIQ
and total brain volume. Blue
regions indicate a significant
decrease in A,,gia. Color
images available online at
www.liebertpub.com/brain

Negative correlations between A,,4;, With age for males are
shown in Figure 7. There are widespread significant (p <0.05)
changes in A.gq with age, whereas far fewer significant
changes in A,, were observed for males (Fig. 8). This may
indicate that the changes observed for FA and MD are mainly
driven by reductions in A;,q;.. However, /A .g;a1 is the mean of
the two minor eigenvalues of the tensor as opposed to Aayials
which uses only the principal eigenvalue. Therefore, the dif-
ference may be, in part, due to the fact that A..q;y is less
noisy than Ay,

Females

Figure 9 shows negative correlation between MD and age
for the female subjects, although there are fewer significant
voxels compared to the male cohort (Fig. 6). Regions include
the corpus callosum, corona radiata bilaterally, superior
longitudinal fasciculus bilaterally, thalamic radiations bilater-
ally, the left external/internal capsules, and the right retrolen-
ticular portion of the internal capsule. In contrast to the
widespread correlation between /.4y with age for males
(Fig. 7), correlation between A4, with age for females

FIG. 8. Correlation be-
tween Au.a and age for the
male subjects (p <0.05, cor-
rected), corrected for FSIQ
and total brain volume. Blue
regions indicate a significant
decrease in A,yj,. Color
images available online at
www liebertpub.com/brain
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FIG. 9. Correlation be-
tween MD and age for female
subjects ( p <0.05, corrected),
corrected for FSIQ and total
brain volume. Blue regions
indicate a significant
decrease in MD. Color
images available online at
www.liebertpub.com/brain

FIG. 10. Correlation be-
tween Ag,gia and age for the
female subjects (p<0.05,
corrected), corrected for
FSIQ and total brain volume.
Blue regions indicate a sig-
nificant decrease in A ygia-
Color images available
online at www.liebertpub
.com/brain

(Fig. 10) is far less widespread than for males (only the left
posterior corona radiata, right corona radiata, right superior
longitudinal fasciculus, right thalamic radiation, and right ret-
rolenticular portion of the internal capsule) and there are no
significant correlations between A,y and age in this group.

The TBSS analysis of the female subgroup showed no sig-
nificant correlation of FA with age after correction for mul-
tiple comparisons.

8 to 13 age range

To account for potential confounds caused by a differing
distribution of ages between the genders, we repeated the
TBSS analyses using a subset of data in the 8—13-year age
range, which has a similar coverage of age range for both
genders. Results from the TBSS analysis of the 8—13-year
olds are also widespread across the TBSS skeleton and
also show a clear age—gender interaction (see Supplementary
Figs. S3-S12 in supplementary information). In addition
to the age—gender interactions with diffusivity measures,
there is also a widespread age—gender interaction with FA
across the TBSS skeleton in the 8—13 range (Supplementary
Fig. S6). In the 8-16 range, the age—gender interaction with
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FA is not significant, but does reach close to significance
(p<0.1) in a subset of the regions shown in the 8-13 group.

Discussion and Conclusions

The primary finding in this study is that there are differ-
ences in structural development throughout the white matter
in males and females between the ages of 8 and 16 years.
Furthermore, this difference prevails when corrected for
FSIQ and total brain volume. These findings extend those
of Asato et al. (2010) that described differences in A ,gja in
specific brain regions with higher values in males compared
with females using a significance threshold of p <0.001 (cor-
rected). FSIQ has been shown to be correlated with diffusion
parameters in development (Schmithorst et al., 2010), and
we have recently shown that factors of white matter integrity
based on FA and MD in 14 specific tracts independently pre-
dict FSIQ (Clayden et al., 2012). These factors were primar-
ily linked to the corpus callosum, but were also influenced
by the left-sided inferior longitudinal and arcuate fasciculi.

The approach taken in this study was therefore to control
for possible differences in FSIQ between males and females
in the 8-16 years age range to isolate gender differences in
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the trajectory of diffusion tensor metrics. In addition to the
study by Asato et al. (2010), differences were observed in
the trajectory of MD, Zaxial, Aradial, and FA between males
and females. These trajectories differed such that males
had lower FA and higher MD, A .gial, and .y, particularly
between 8 and 9 years of age compared to females, with a
steeper slope of correlation. However, the diffusion parame-
ters for the males appeared to be indistinguishable to the cor-
responding parameters in females in the 10 to 14 years age
range, as shown in Figure 4.

The trends in Figure 4a, b of the present study broadly
agree with those shown in Figures 2 and 3 of Clayden
et al. (2012). Specifically, both studies show the trend of in-
creasing FA and decreasing MD with age for boys but not
girls in the 8-16 age range. This difference in slope was
reflected in the TBSS age-gender interactions, which
showed widespread age—gender effects for FA and MD
and—to a lesser extent—a/,,qi5- In the ANCOVA, age—gen-
der interactions were significant for MD, Ay, and Aagial
as shown in Table 1. MD, A,a1, and A;agiar also showed a sig-
nificant effect of brain volume, which is consistent with pre-
vious studies (e.g., Clayden et al., 2012), while in FA, this
effect was gender dependent. Interactions between FSIQ
and gender were significant for FA, MD, and A,ag;a.

Correlations between diffusion tensor metrics and age for
males were observed throughout white matter, as can be seen
in Figures 5-8. These correlations were less apparent in the
TBSS analysis for the female subjects (Figs. 9, 10) due to the
shallow slope of correlation in diffusion tensor metrics ob-
served in females. These differences were further illustrated
when DT metrics were directly compared between males and
females using TBSS. Greater MD values in males compared
to females were found in widespread regions across the FA
skeleton as shown in Figure 1. Similar findings were observed
but in fewer voxels within the skeleton for 4,4, and Aragia, as
shown in Supplementary Figures S2 and S3.

The precise mechanisms for these observed differences in
structural trajectory remain to be elucidated. However, it has
been suggested that the onset of puberty may play an important
role (Asato et al., 2010; Blakemore et al., 2010; Herting et al.,
2012). During childhood, several hormonal changes occur and
these include adrenarche, gonadarche, and activation of the
growth axis. Adrenarche is characterized by activation of
the hypothalamic—pituitary—adrenal axis with a typical onset
between 6 and 9 years in females and 7 and 10 years in
males. Adrenarche is followed by gonadarche, which is charac-
terized by activation of the hypothalamic—pituitary—gonadal
axis resulting in the attainment of reproductive competence.

Typical onset of this process occurs at a mean age of 11
years (range 8—14 years) in females and at a mean age of 12
years (range 9-15 years) in males (Spear, 2000; Dorn,
2006), which is covered well by our sample. Activation of
the growth axis results in a linear growth spurt around the
age of 12 in females and age 14 in males (Marshall and Tan-
ner, 1969, 1970). These processes, particularly adrenarche,
occur during the period when the greatest differences in struc-
tural trajectory were observed between males and females
and, therefore, represent a possible candidate mechanism driv-
ing the observed sexually dimorphic structural trajectory.

A recent study in 10-16-year olds also investigated sex
differences in white matter structure using TBSS together
with the effects of puberty (Herting et al., 2012). In contrast
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to the present study, they found a number of clusters where
FA in males was found to be higher than that in females.
The differences between this pattern and the results in the
present study may be due to differences in the age ranges
studied, which were 8-16 years in the present study and
10-16 years in the study of Herting et al. (2012). One
would envisage that, therefore, activation of the growth
axis would be more prevalent in this latter cohort, particu-
larly in children above the age of 12. However, in contrast
to the study of Herting et al. (2012), Bava et al. (2011)
reported similar findings to those reported here, namely
greater MD and A,,;, and lower FA in males compared to fe-
males using TBSS, but in much smaller regions than demon-
strated in the present study. The age range studied was from
12 to 14 years with a mean age of the cohort of 13.4 years,
which is close to that of the cohort studied by Herting
et al. However, Bava et al. did detect two clusters in the
left and right corticospinal tract, respectively, where Auya
was greater in females than males.

Using magnetization transfer imaging, which measures the
degree of macromolecular content in brain tissue and is
thought to be an indirect measure of myelin content, Perrin
et al. (2008, 2009) observed, in a cohort spanning 12 to 18
years, a decrease in the magnetization transfer ratio in males
with age but no relationship with age in females. They also
found a more rapid increase in white matter volume in males
with age compared to females (Petrin et al., 2008, 2009).

Herting et al. (2012) provided further evidence for the in-
fluence of puberty on structural white matter trajectories be-
tween males and females, demonstrating correlation between
FA and pubertal development scale (PDS) in the white mat-
ter of the insular gyrus and a gender by PDS interaction for
FA in the superior frontal gyrus. In addition, FA was posi-
tively correlated with testosterone levels in males in clusters
in the left superior frontal gyrus, left corpus callosum, right
posterior limb of the internal capsule, and left angular
gyrus white matter with a negative correlation with FA in
a cluster in the middle cerebellar peduncle. In females, FA
positively correlated with testosterone in a cluster in the pre-
central gyrus white matter. Furthermore, in males, FA was
positively correlated with estradiol in clusters in the right su-
perior frontal gyrus, right precuneus, and the hippocampal
part of the cingulum bilaterally. In females, FA was nega-
tively correlated with estradiol in clusters in the right supe-
rior longitudinal fasciculus and left angular gyrus. These
findings provide further confirmatory evidence for the influ-
ential role of puberty on sexually dimorphic structural white
matter trajectories.

In the present study, more widespread differences in white
matter DT parameters were observed between males and fe-
males than in the studies of Herting et al. (2012), Asato et al.
(2010), and Schmithorst et al. (2008). However, in common
with the study of Asato et al. (2010) and Bava et al. (2011),
structural white matter development was generally greater in
females than in males. Given the cascade of pubertal and en-
docrine events in children from around the age of 6 years on-
ward and their differential onset and trajectory between the
genders, it appears highly likely that these processes play
an important role in structural white matter development.

These many events underline the importance of the exact
age range studied, as different processes are more relevant at
different ages. Ideally, further studies could be performed
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within tight age bands, for example, 1-year bands that would
help to simplify the interpretation of results. In addition to
this, the collection of information on pubertal status and
sex steroids in the manner described by Herting et al.
(2012) would help to elucidate the role of these processes
on structural white matter development, a role which pre-
sumably changes across the range of ages from 6 to 18 years.

Results of voxel-based analyses of diffusion tensor data
can be affected by several factors, including poor align-
ment of data (Van Hecke et al., 2009). The data in this anal-
ysis were checked at each step to ensure that the findings
were not adversely influenced by any of these factors. In
particular, the raw diffusion-weighted data and tensor recon-
structions were checked visually for artifacts, and the regis-
tration was checked by playing a movie clip of FA maps to
ensure close alignment before statistical analysis.

A limitation of the present work is the absence of measure-
ments of pubertal stage. It is known that the timing and activ-
ity of pubertal hormones are significantly different between
the genders (Marshall and Tanner, 1969, 1970), and brain
development appears to be more closely correlated with
the pubertal stage in girls than in boys (Blanton et al.,
2012). Future work will therefore involve investigating
how changes in white matter microstructure relate to Tanner
stage or measures of pubertal hormones to further understand
the differences in the developmental trajectories.

In summary, this study provides evidence for widespread
sexually dimorphic trajectories in structural white matter de-
velopment in children from 8 to 16 years with more ongoing
development indicated by higher FA and lower MD, /4,1, and
Aradiar 10 females compared to males. This difference in diffu-
sion parameters appeared to be largest in the 8-9 year age
range, with male and female trajectories tending to converge
between 10 and 14 years of age. Further studies are now war-
ranted to determine the role of pubertal hormones on the ob-
served differences, particularly in 8-9-year-old children.

Acknowledgments

This work was supported by the UK Medical Research
Council (programme grant number G0300117) and Engineer-
ing and Physical Sciences Research Council (grant number
EP/C536851/1). K.S. and C.C. would like to acknowledge
funding from the EU CONNECT project. The project “CON-
NECT” acknowledges the financial support of the Future and
Emerging Technologies (FET) program within the Seventh
Framework Programme for Research of the European Com-
mission, under FET-Open grant number: 238292. C.C. ac-
knowledges Emma Webb for helpful discussions.

Author Disclosure Statement

No competing financial interests exist.

References

Asato MR, Terwilliger R, Woo J, Luna B. 2010. White matter
development in adolescence: a DTI study. Cereb Cortex
20:2122-2131.

Ashtari M, Cervellione KL, Hasan KM, Wu J, Mcllree C, Kester
H, et al. 2007. White matter development during late adoles-
cence in healthy males: a cross-sectional diffusion tensor
imaging study. Neuroimage 35:501-510.

SEUNARINE ET AL.

Barnea-Goraly N, Menon V, Eckert M, Tamm L, Bammer R,
Karchemskiy A, et al. 2005. White matter development dur-
ing childhood and adolescence: a cross-sectional diffusion
tensor imaging study. Cereb Cortex 15:1848-1854.

Basser P. 1994. MR diffusion tensor spectroscopy and imaging.
Biophys J 66:259-267.

Basser PJ, Pierpaoli C. 1996. Microstructural and physiological
features of tissues elucidated by quantitative-diffusion-tensor
MRI. J Magn Reson B 111:209-219.

Bava S, Boucquey V, Goldenberg D, Thayer RE, Ward M, Jaco-
bus J, et al. 2011. Sex differences in adolescent white matter
architecture. Brain Res 1375:41-48.

Blakemore S, Burnett S, Dahl RE. 2010. The role of puberty in
the developing adolescent brain. Hum Brain Mapp 31:926-933.

Blanton RE, Cooney RE, Joormann J, Eugéne F, Glover GH,
Gotlib IH. 2012. Pubertal stage and brain anatomy in girls.
Neuroscience;217:105-112.

Bonekamp D, Nagae LM, Degaonkar M, Matson M, Abdalla
WMA, Barker PB, et al. 2007. Diffusion tensor imaging in
children and adolescents: reproducibility, hemispheric, and
age-related differences. Neuroimage 34:733-742.

Caviness VS, Kennedy DN, Richelme C, Rademacher J, Filipek
PA. 1996. The human brain age 7-11 years: a volumetric
analysis based on magnetic resonance images. Cereb Cortex
6:726-736.

Clayden JD, Jentschke S, Muifioz M, Cooper JM, Chadwick MJ,
Banks T, et al. 2012. Normative development of white matter
tracts: similarities and differences in relation to age, gender,
and intelligence. Cereb Cortex 22:1738-1747.

Dorn L. 2006. Measuring puberty. J Adolesc Health 39:
625-626.

Eluvathingal TJ, Hasan KM, Kramer L, Fletcher JM, Ewing-
Cobbs L. 2007. Quantitative diffusion tensor tractography
of association and projection fibers in normally developing
children and adolescents. Cereb Cortex 17:2760-2768.

Fjell AM, Westlye LT, Greve DN, Fischl B, Benner T, van der
Kouwe AJW, et al. 2008. The relationship between diffusion
tensor imaging and volumetry as measures of white matter
properties. Neuroimage 42:1654—1668.

Fox J, Weisberg S. 2011. An R companion to applied regression,
Second ed. Sage. Thousand Oaks, CA.

Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H,
Zijdenbos A, et al. 1999. Brain development during child-
hood and adolescence: a longitudinal MRI study. Nat Neuro-
sci 2:861-863.

Giorgio A, Watkins KE, Chadwick M, James S, Winmill L,
Douaud G, et al. 2010. Longitudinal changes in grey and
white matter during adolescence. Neuroimage 49:94-103.

Giorgio A, Watkins KE, Douaud G, James AC, James S, De Ste-
fano N, et al. 2008. Changes in white matter microstructure
during adolescence. Neuroimage 39:52-61.

Hermoye L, Saint-Martin C, Cosnard G, Lee S, Kim J, Nassogne
M, et al. 2006. Pediatric diffusion tensor imaging: normal da-
tabase and observation of the white matter maturation in
early childhood. Neuroimage 29:493-504.

Herting MM, Maxwell EC, Irvine C, Nagel BJ. 2012. The im-
pact of sex, puberty, and hormones on white matter micro-
structure in adolescents. Cereb Cortex 22:1979-1992.

Huttenlocher PR, Dabholkar AS. 1997. Regional differences in
synaptogenesis in human cerebral cortex. J Comp Neurol 387:
167-178.

Kumar R, Nguyen HD, Macey PM, Woo MA, Harper RM. 2012.
Regional brain axial and radial diffusivity changes during
development. J Neurosci Res 90:346-355.



SEXUAL DIMORPHISM IN WHITE MATTER USING TBSS

Lebel C, Caverhill-Godkewitsch S, Beaulieu C. 2010. Age-
related regional variations of the corpus callosum identified
by diffusion tensor tractography. Neuroimage 52:20-31.

Lebel C, Walker L, Leemans A, Phillips L, Beaulieu C. 2008.
Microstructural maturation of the human brain from child-
hood to adulthood. Neuroimage 40:1044-1055.

Lim S, Han CE, Uhlhaas PJ, Kaiser M. 2015. Preferential de-
tachment during human brain development: age- and sex-
specific structural connectivity in diffusion tensor imaging
(DTI) data. Cereb Cortex 25:1477-1489.

Mabbott DJ, Noseworthy M, Bouffet E, Laughlin S, Rockel C.
2006. White matter growth as a mechanism of cognitive
development in children. Neuroimage 33:936-946.

Marshall WA, Tanner JM. 1969. Variations in pattern of puber-
tal changes in girls. Arch Dis Child 44:291-303.

Marshall WA, Tanner JM. 1970. Variations in the pattern of
pubertal changes in boys. Arch Dis Child 45:13-23.

Mori S, Oishi K, Jiang H, Jiang L, Li X, Akhter K, et al. 2008.
Stereotaxic white matter atlas based on diffusion tensor im-
aging in an ICBM template. Neuroimage 40:570-582.

Peper JS, Schnack HG, Brouwer RM, Van Baal GCM, Pjetri E,
Székely E, et al. 2009. Heritability of regional and global
brain structure at the onset of puberty: a magnetic resonance
imaging study in 9-year-old twin pairs. Hum Brain Mapp
30:2184-2196.

Perrin JS, Hervé P, Leonard G, Perron M, Pike GB, Pitiot A,
et al. 2008. Growth of white matter in the adolescent brain:
role of testosterone and androgen receptor. J Neurosci 28:
9519-9524.

Perrin JS, Leonard G, Perron M, Pike GB, Pitiot A, Richer L,
et al. 2009. Sex differences in the growth of white matter dur-
ing adolescence. Neuroimage 45:1055-1066.

Qiu D, Tan L, Zhou K, Khong P. 2008. Diffusion tensor imaging
of normal white matter maturation from late childhood to
young adulthood: voxel-wise evaluation of mean diffusivity,
fractional anisotropy, radial and axial diffusivities, and corre-
lation with reading development. Neuroimage 41:223-232.

Reiss AL, Abrams MT, Singer HS, Ross JL, Denckla MB. 1996.
Brain development, gender and 1Q in children. Brain 119:
1763-1774.

Schmithorst VJ, Holland SK, Dardzinski BJ. 2008. Develop-
mental differences in white matter architecture between
boys and girls. Hum Brain Mapp 29:696-710.

Schmithorst VJ, Yuan W. 2010. White matter development
during adolescence as shown by diffusion MRI. Brain
Cogn 72:16-25.

Smith SM. 2002. Fast robust automated brain extraction. Hum
Brain Mapp 17:143-155.

47

Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols
TE, Mackay CE, et al. 2006. Tract-based spatial statistics:
voxelwise analysis of multi-subject diffusion data. Neuro-
image 31:1487-1505.

Smith SM, Nichols TE. 2009. Threshold-free cluster enhance-
ment: addressing problems of smoothing, threshold de-
pendence and localisation in cluster inference. Neuroimage
44:83-98.

Snook L, Paulson L, Roy D, Phillips L, Beaulieu C. 2005. Dif-
fusion tensor imaging of neurodevelopment in children and
young adults. Neuroimage 26:1164-1173.

Sowell ER, Peterson BS, Thompson PM, Welcome SE, Henke-
nius AL, Toga AW. 2003. Mapping cortical change across
the human life span. Nat Neurosci 6:309-315.

Spear L. 2000. The adolescent brain and age-related behavioral
manifestations. Neurosci Biobehav Rev 24:417-463.

Tamnes CK, @stby Y, Fjell AM, Westlye LT, Due-Tgnnessen P,
Walhovd KB. 2010a. Brain maturation in adolescence and
young adulthood: regional age-related changes in cortical
thickness and white matter volume and microstructure.
Cereb Cortex 20:534-548.

Tamnes CK, @stby Y, Walhovd KB, Westlye LT, Due-
Tgnnessen P, Fjell AM. 2010b. Intellectual abilities and
white matter microstructure in development: a diffusion ten-
sor imaging study. Hum Brain Mapp 31:1609-1625.

Van Hecke W, Sijbers J, De Backer S, Poot D, Parizel PM, Lee-
mans A. 2009. On the construction of a ground truth frame-
work for evaluating voxel-based diffusion tensor MRI
analysis methods. Neuroimage 46:692-707.

Wechsler, D. 2004. Wechsler intelligence scale for children
(WISC-1V UK), 4th ed. London, UK: Pearson Assessment.

Wickham H. 2009. ggplot2: Elegant graphics for data analysis.
New York: Springer.

Yakovlev P, Lecours A. 1967. The myelogenetic cycles of
regional maturation of the brain. In: Minkowski A (eds.)
Regional development of the brain in early life. Oxford:
Blackwell Scientific.

Address correspondence to:

Kiran K. Seunarine

Developmental Imaging and Biophysics Section
UCL Institute of Child Health

30 Guilford Street

London WCIN 1EH

United Kingdom

E-mail: k.seunarine @ucl.ac.uk



